The adherens junction (AJ) is important for maintaining uterine structural integrity, composition of the luminal environment, and initiation of implantation by virtue of its properties of cell-cell recognition, adhesion, and establishment of cell polarity and permeability barriers. In this study, we investigated the uterine changes of AJ components E-cadherin, beta-catenin, and alpha-catenin at their mRNA and protein levels, together with the cellular distribution of meprinbeta, phospho-beta-catenin, and active beta-catenin proteins, in hamsters that show only ovarian progesterone-dependent uterine receptivity and implantation. By in situ hybridization and immunofluorescence, we have demonstrated that uterine epithelial cells expressed three of these AJ proteins and their mRNAs prior to and during the initial phase of implantation. Immunofluorescence study showed no change in epithelial expression patterns of uterine AJ proteins from Days 1 to 5 of pregnancy. With advancement of the implantation process, AJ components were primarily expressed in cells of the secondary decidual zone (SDZ), but not in the primary decidual zone (PDZ). In contrast, we noted strong expression of beta-catenin and alpha-catenin proteins in the PDZ, but not in the SDZ, of mice. Taken together, these results suggest that AJ proteins contribute to uterine barrier functions by cell-cell adhesion to ensure protection of the embryo. In addition, cleavage of E-cadherin by meprinbeta might contribute to weakening uterine epithelial cell-cell contact for blastocyst implantation. We also report that the nuclear localization of active beta-catenin from Day 4 onward in hamsters implies that beta-catenin/Wnt-signal transduction is activated in the uterus during implantation and decidualization.
INTRODUCTION
Following mating, the cyclic uterus of hamsters and mice enters into the state of pregnancy on the second day, and that is marked by proliferation of the uterine epithelial cells [1] . Further uterine epithelial cell proliferation does not occur from Day 3 of pregnancy onward [1, 2] . However, these cells undergo other changes such that they acquire competency for attachment of the blastocyst [3] . It is unclear how embryonic development and growth inside the uterine lumen and its subsequent implantation on the luminal epithelial surface for continuation of pregnancy are influenced by the changes that occur in the uterine luminal epithelium. It is possible that the simple columnar epithelial cells of the uterus maintain the luminal environment by their selective permeability and intercellular transport properties. The adherens junction (AJ) is a hallmark of epithelial cells [4] . Adherens junctions are positioned in the lateral surface of the apical region of epithelial cells, and they maintain the polarity and structural integrity of the epithelial cell layer by bringing two plasma membranes of neighboring epithelial cells together. In addition, AJs play an important role in a variety of biological and pathological processes, from morphogenesis to tumor progression [4] . The AJ consists of a transmembrane component with adhesive function, and cytoplasmic adaptor proteins that bind to the actin cytoskeleton. E-cadherin is the most prominent transmembrane Ca 2þ -dependent adhesion molecule in epithelial cells [5] . b-Catenin binds directly to E-cadherin and links it to a-catenin, which in turn binds to the actin cytoskeleton [4] .
Embryo implantation consists of a series of sequential events beginning with trophoblast attachment and penetration, and uterine stromal cell proliferation and differentiation into decidual cells. Adhesion and attachment between the uterine epithelium and embryonic trophoblast are thought to be mediated by cell adhesion molecules. Among the various adhesion molecules, Ecadherin is the best characterized, and it is expressed in both the uterine luminal epithelium and the trophoblast [6] [7] [8] . Although apical expression of E-cadherin in the luminal epithelium may be required for attachment of the embryonic trophoblast to the luminal epithelium, alteration of intercellular E-cadherin between adjacent luminal epithelial cells is required for trophoblast invasion [9] . Loss or alteration of E-cadherin has been demonstrated in adenocarcinomas of many tissues, and cleavage of E-cadherin has been described as one of the cellular mechanisms for tumor penetration [10] . In this regard, it has been demonstrated that metalloproteases MMP3, MMP7, ADAM10, and meprinb cleave E-cadherin and impair cell-cell adhesion [11, 12] . Meprins are multimeric zinc metalloproteases composed of alpha (a) and beta (b) subunits. Although the two meprin subunits share '42% identity in their amino acid sequences, they differ significantly in their cellular location and substrate specificity. Dimers containing meprinb are membranebound proteases [13] . One recent study showed that the meprinb weakens intercellular adhesion by processing E-cadherin [10] . Thus, cleavage of E-cadherin by meprinb may be a means to reduce E-cadherin-mediated cell adhesion in the luminal epithelium during implantation for trophoblast invasion.
It has been suggested that the embryo-induced deciduum around the implantation site is an active barrier that performs a number of important functions [8, [14] [15] [16] : 1) a protective role in controlling trophoblast cell invasion, 2) a role in preventing immunological rejection of the embryo, and 3) a nutritive role for the developing embryo. The deciduum has two distinct zones: a densely packed stromal zone immediately surrounding the embryo termed the primary decidual zone (PDZ), and a broad decidual zone encircling the PDZ termed the secondary decidual zone (SDZ) [17] . We previously demonstrated in mice that the PDZ cells express AJ and tight junction components for the formation of temporary AJ and tight junction barriers for the safeguard of the embryo by blocking the passage of microorganisms, immune cells and large molecules like antibodies and drugs from the mother [8, 15] . However, implantation strategies and regulatory processes are not similar across species. In contrast to mice, where both ovarian progesterone and estrogen secretions are needed for implantation, implantation in hamsters takes place only in the presence of ovarian progesterone, similar to rabbits, rhesus monkeys, guinea pigs, and possibly humans (reviewed in Reese et al. [3] ). Thus, as part of our continuing effort to understand the contribution of junctional proteins to the process of implantation, we performed a comprehensive study to understand the relative importance of AJ proteins, E-cadherin, and catenins, in the uterus during the first 6 days of pregnancy in hamsters that have progesterone-dependent implantation. The cell-typespecific expression profile of uterine AJ proteins and their association suggest that noteworthy differences may exist between the hamster and mouse in molecular mechanisms controlling the embryo implantation process.
MATERIALS AND METHODS

Materials
Mouse monoclonal anti-E-cadherin antibody (catalog no. 610182) was purchased from BD Biosciences (San Jose, CA). Rabbit polyclonal anti-acatenin (catalog no. 71-1200) and anti-total b-catenin (catalog no. 06-734) antibodies were from Zymed Laboratories Inc. (San Francisco, CA) and Millipore (Billerica, MA), respectively. Mouse monoclonal antibodies against active b-catenin (catalog no. 05-665, clone 8E7) dephosphorylated at serine 37 or threonine 41 residues, and rabbit polyclonal antibodies against phospho-bcatenin (catalog no. 9561) phosphorylated specifically at serine 33, serine 37, and threonine 41 residues in exon 3 were obtained from Millipore (Temecula, CA) and Cell Signaling Technologies (Danvers, MA), respectively. Goat antimouse meprinb subunit antibody (catalog no. AF3300) was purchased from R&D Systems Inc. (Minneapolis, MN) 
Animals
Adult virgin male and female golden hamsters (Mesocricetus auratus) and CD1 mice were purchased from Charles River Laboratory (Wilmington, MA). They were housed on a 12L:12D cycle and fed commercial chow ad libitum. All animal maintenance, handling, and procedures were performed in accordance with National Institutes of Health standards for the care and use of experimental animals and were approved by the Vanderbilt University Medical Center Institutional Animal Care and Use Committee. Single female hamsters that showed at least three regular estrous cycles were caged with a fertile male for mating. Microscopic finding of spermatozoa in the vaginal smear on the next morning was designated as Day 1 of pregnancy [1] . Female mice were mated with fertile males to induce pregnancy (Day 1 of pregnancy ¼ vaginal plug) [18] . Hamsters on Days 1-6 of pregnancy were euthanized at 0830-0900 h. Entire uterine horns were removed on Days 1 to 4. On Day 4 of pregnancy, the whole uteri were collected in the morning (0900 h) without flushing. On Day 5, implantation sites of hamsters and mice were collected after an intravenous injection of Chicago Blue B dye solution (1% dye solution in saline). On Day 6, implantation sites are distinct and blue dye injection is not required. Uterine tissues were cut into small pieces, flash frozen, and stored at À808C until processed for cryosectioning and protein extraction [19] [20] [21] .
Cloning of the Hamster-Specific Partial cDNAs for E-Cadherin (Cdh1), b-Catenin (Ctnnb1), and a-Catenin (Ctnna1)
RT-PCR was employed to generate the hamster-specific cDNA clones for Cdh1, Ctnnb1, and Ctnna1. The published sequences used to design the primers were of mouse origin. The primers were: Ctnnb1 (GenBank accession no. BC048153. . Uterine total RNA (1 lg) from a Day 4 pregnant hamster was reverse transcribed, and RT products were amplified by PCR for 35 cycles using the following cycle parameters: 948C, 45 sec; 558C, 30 sec; and 728C, 1 min 30 sec. The RT-PCR products were cloned into pCR-II-TOPO cloning vector (3.9 kb) using a TOPO TA Cloning kit, version K2 (Invitrogen Corp., Carlsbad, CA), and nucleotide sequences of the clone were determined to verify the identity and orientation of the clones. The GenBank accession numbers for the resulting hamster Cdh1, Ctnnb1, and Ctnna1 cDNA fragments are EU856102, EU856101, and EU856103, respectively. Nucleotide sequences of these partial cDNA clones showed more than 90% sequence similarities with that of the GenBank nucleotide database for mice, rats, and humans.
RNA Probe Preparation
Plasmids bearing hamster and mouse cDNAs were exacted, purified, and linearized (hamster Cdh1: HindIII/T7 for antisense, NotI/SP6 for sense; hamster Ctnna1: KpnI/T7 for antisense, Xho/SP6 for sense; and hamster Ctnnb1: XhoI/ SP6 for antisense, BamHI/T7 for sense) to generate antisense and sense riboprobes, which were transcribed using appropriate RNA polymerases and labeled with 35 S for in situ hybridizations. All labeled sense and antisense cRNA probes used for hybridizations had specific activities of approximately 2 3 10 9 dpm/lg [20, 21] .
In Situ Hybridization
The protocol was followed as previously described by our group [20, 21] . Briefly, frozen uterine sections were mounted onto poly-L-lysine-coated slides and fixed in cold 4% paraformaldehyde solution in PBS for 15 min on ice. After prehybridization, sections were hybridized to 35 S-labeled antisense probes at 458C for 4 h in 50% formamide hybridization buffer. Sections were also hybridized with 35 S-labeled sense probes as negative control. After hybridization and washing, sections were incubated with RNase A at 378C for 20 min. RNase A-resistant hybrids were detected by autoradiography using Kodak NTB-2 liquid emulsion (Eastman Kodak Co., Rochester, NY). The slides were then stained with hematoxylin and eosin.
Indirect Immunofluorescence
Immunofluorescence was performed as described previously [19, 22] . In brief, cryosections (12 lM) were mounted onto poly-L-lysine-coated glass slides, fixed in cold 4% paraformaldehyde for 10 min, washed in PBST (0.01% Tween 20 in PBS), blocked for 10 min with serum (10%) from which secondary antibodies were generated and incubated overnight with appropriate primary antibodies at appropriate dilutions at 48C. Slides were next washed and incubated with FITC-or TRITC-conjugated second antibodies for 1 h at room temperature. At the end of the reaction, washed sections were counterstained with 0.01% 4 0 6-diamidino-2-phenylindole dihydrochloride (DAPI) and mounted using Fluoromount-G (catalog no. 0100-01; SouthernBiotech, Birmingham, AL). To verify the binding specificities of primary antibodies, negative control studies were performed in which equal amounts of nonspecific mouse, rabbit, or goat immunoglobulins were used instead of primary antibodies. The fluorescence was visualized by fluorescence microscopy using a Nikon Eclipse 80i microscope (Tokyo, Japan) equipped with an X-cite series 120 PC fluorescence illumination system [7] .
To confirm the colocalization of AJ proteins E-cadherin and b-catenin on Days 4, 5, and 6 of pregnancy, double immunofluorescence staining was performed with a similar procedure as that described above. Here, two primary antibodies were added from two different species. Images were captured using a Nikon Eclipse TE2000-E [7] .
AJ PROTEINS IN EARLY PREGNANT HAMSTER UTERUS
RESULTS
Cdh1, Ctnnb1, and Ctnna1 mRNAs Are Expressed in a Temporal and Cell-Specific Manner in the Periimplantation Uterus of the Hamster and Mouse
We performed in situ hybridization studies to examine the expression pattern of Cdh1, Ctnnb1, and Ctnna1 mRNAs in hamster uterine sections from Days 1, 4, and 6 of pregnancy. Expression of Cdh1 and Ctnna1 was mainly observed in the luminal and glandular epithelia on Days 1 and 4 of pregnancy (Fig. 1A) . Uterine stromal cells on these days show some expression of Ctnna1 above background levels. In Day 6 implantation sites, these mRNAs were primarily expressed in the luminal epithelial and SDZ cells, with little or no expression in the PDZ cells. Ctnnb1 mRNA expression was distinct in the luminal and glandular epithelia and circular muscle layer on Days 1 and 4 of pregnancy. It was also expressed in subepithelial stromal cells on Day 4. On Day 6, Ctnnb1 expression was concentrated in the luminal epithelial cells, decidual cells of both the PDZ and SDZ, and the circular muscle layer. There is little or no expression in peripheral undifferentiated stromal cells above the circular muscle layer. It appears that expression patterns of Cdh1, Ctnnb1, and Ctnna1 mRNAs and their products were more or less similar, suggesting their efficient cell-specific translation in the hamster uterus (Fig. 1A) . Sections from Day 1 uterus showed no specific signals when hybridized with sense probes.
Cell-specific Cdh1 mRNA localization in implantation sites on Days 5 and 6 of pregnancy in mice was previously reported. Although the luminal epithelial cell showed distinct accumulation of Cdh1 mRNA, stromal cells surrounding the implanting blastocyst showed low levels of this mRNA [8] . Thus, we report here only the expression patterns of Ctnnb1 and Ctnna1 mRNAs on these days. We observed Ctnnb1 mRNA expression in stromal cells immediately surrounding the implanting blastocyst on Day 5 in addition to its expression in luminal and glandular epithelia (Fig. 1B) . On Day 6, Ctnnb1 expression was mainly localized in the SDZ cells, whereas there was little or no expression in the PDZ cells. The expression of Ctnna1 was found in the luminal epithelium on both Days 5 and 6. Uterine stromal cells of Day 5 implantation sites showed Ctnna1 expression at lower levels than Ctnnb1, but not restricted to any specific area. Ctnna1 expression pattern was similar to Ctnnb1 at the implantation sites of Day 6; Ctnna1 was primarily expressed in the SDZ cells, with little or no expression in the PDZ cells. Sections from Day 5 implantation sites showed no specific signals when hybridized with sense probes. E-cadherin, total b-catenin, and a-catenin localizations were detected at cell-cell contacts as well as free apical borders of the luminal and glandular epithelium from Days 1 to 4 ( Fig.  2A ) of pregnancy. Subepithelial stromal cells showed a-catenin expression. Although there was little or no E-cadherin and acatenin immunostaining in the myometrium, total b-catenin staining was distinct in the circular muscle layer (inset in the Day 4 uterine section). We also observed E-cadherin, and total b-catenin and a-catenin expression in the blood vessels of stromal and muscle compartments (data not shown). After initiation of implantation on Day 5, apical and lateral membranous localization of these proteins persisted in the luminal epithelium surrounding and away from the implanting blastocyst ( Fig. 2A) . Stromal cells surrounding the Day 5 implantation chamber showed low levels of total b-catenin and a-catenin, but not E-cadherin expression. On Day 6, membranous localization of E-cadherin, and total b-catenin and acatenin was distinct in the SDZ cells surrounding the implantation site. However, low levels of total b-catenin and a-catenin, but not E-cadherin, expression were noticed in the PDZ (Fig. 2A) . Slides containing uterine sections from Days 1 to 6 of pregnancy showed no specific immunolocalization when stained in the presence of mouse or rabbit IgGs omitting primary antibodies (representative pictures from Day 4 pregnant uterus are presented in Fig. 2) .
To compare our observation of AJ protein expression at the implantation sites of hamsters with that of mice, we examined the immunofluorescence expression patterns of a-catenin and total b-catenin in Day 5 and Day 6 implantation sites in mice (Fig. 2B ). E-cadherin protein localization on Day 5 and Day 6 implantation sites of mice was previously demonstrated. Abundant accumulation of this protein was reported in cells of the PDZ on Day 6 [8] . We observed intense membranous total b-catenin and a-catenin staining in stromal cells of the PDZ surrounding the implanting blastocyst on these days in addition to their expression in luminal epithelial cells. There were little or low levels of these two proteins in the SDZ cells. Negative control slides containing sections from Days 5 and 6 implantation sites showed no specific immunolocalization when stained in the presence of nonspecific rabbit IgG. Fig. 3) . The merged images of FITC-labeled E-cadherin and TRITC-labeled total b-catenin FIG. 2. Immunolocalization (FITC; green) of E-cadherin, total b-catenin, and a-catenin in early pregnant hamster and mouse uteri. A) Uterine cross sections from Days 1 to 6 of pregnancy in hamsters showed cell-specific localization of E-cadherin, total b-catenin, and a-catenin proteins. B) Uterine cross sections from mouse Days 5 and 6 implant sites showed cell-specific localization of total b-catenin and a-catenin proteins. The nuclei were stained with DAPI (blue). The photomicrographs (original magnification 3100) shown are representative of at least five to seven independent experiments. No specific immune staining was observed in negative control sections. To show the specificity of total b-catenin and a-catenin immunolocalization, negative control pictures from Day 4 uterus in Figure 2A and Day 5 implant site in Figure 2B were presented, because both antibodies were raised in the same species (rabbit). Insets (original magnification 3400) showed immunolocalization of proteins in the epithelium (Day 2) or myometrium (Day 4). bl, blastocyst; em, embryo; ge, glandular epithelium; le, luminal epithelium; PDZ, primary decidual zone; s, stroma; SDZ, secondary decidual zone.
showed yellow lines, suggesting their colocalization in Days 4 and 5 uterine luminal epithelial cells, and in Day 6 decidual cells of the SDZ. In contrast, there was no colocalization of Ecadherin and b-catenin in the PDZ cells of Days 5 and 6 because E-cadherin is not expressed in these cells (Fig. 3) .
Meprinb Expression in the Uterine Epithelium on Days 1 to 5 of Pregnancy in Hamsters
It has been shown that meprinb-expressing MDCK and caco-2 cells displayed reduced strength of cell-cell contacts due to proteolytic processing of endogenous E-cadherin [10] . Thus, we examined the expression pattern of meprinb in uterine sections from Days 1 to 5 of pregnancy. Although immunohistochemical staining showed the presence of meprinb in the basal layer of luminal epithelial cells from Days 1 to 5 of pregnancy, we detected meprinb expression at lateral borders and apical domains of luminal epithelial cells on Day 4 and Day 5 implantation sites (Fig. 4) . Uterine sections from Day 4 of pregnancy showed no specific immunolocalization when primary meprinb antibody was replaced with goat IgG. Meprinb colocalization with E-cadherin could not be performed because of the fact that addition of two primary antibodies together gave no specific immunolocalization of either of these two proteins. This finding suggests that meprinb gains access to the substrate repertoire present in the lateral and   FIG. 3. E-cadherin (FITC; green) and totalb-catenin (TRITC; red) double labeling in the same uterine sections on Days 4 to 6 of pregnancy in hamsters. The nuclei were stained for DAPI (blue). The photomicrographs shown are representative of at least three independent experiments. bl, blastocyst; em, embryo; le, luminal epithelium; PDZ, primary decidual zone; s, stroma; SDZ, secondary decidual zone. The phosphorylation status of b-catenin determines whether it will form a complex with E-cadherin, will degrade, or will translocate to the nucleus for activation of genes. Thus, to better understand the overall roles of uterine b-catenin during the periimplantation period in hamsters, we analyzed the uterine expression patterns of active (nonphosphorylated) and inactive (phosphorylated) b-catenins juxtaposed with total b-catenin expression patterns. We observed by immunofluorescence staining that phosphorylated and dephosphorylated (active) bcatenins were expressed distinctively in the hamster uterus during early pregnancy (Days 1 to 6). As shown in Figure 5 , on Days 1 and 2 of pregnancy phosphorylated b-catenin was mainly localized in the nuclei of both luminal epithelial cells and stromal cells. From Day 3 onward, phosphorylated b-catenin was clearly detected in the apical surface of uterine epithelium, and its expression level in nuclei was substantially upregulated in both the stroma and the epithelium. By contrast, active bcatenin predominantly accumulated in the apical surface of uterine epithelium in all days of early pregnancy (Days 1 to 6). Active b-catenin expression in the uterus was also noticed in the nuclei of stromal cells on Days 4, 5, and 6 of pregnancy. It is worth noting that on Day 6 of pregnancy, active b-catenin was highly expressed in the membrane of decidualizing stromal cells in the SDZ. Negative control sections from Day 5 implantation sites showed no specific immunostaining when mouse monoclonal active b-catenin and rabbit polyclonal phospho-b-catenin antibodies were replaced with mouse and rabbit IgGs, respectively. These results suggest that in addition to b-catenin's role in E-cadherin/catenin complex formation, it is also involved in the regulation of nuclear functions in the uterus.
Active b-catenin and Phospho-b-catenin Expression at Day 5 and Day 6 Implantation Sites of Mice
Active-b-catenin and phospho-b-catenin were differentially expressed at the implantation sites (Fig. 6 ) compared with the expression pattern of total b-catenin. On Day 5, phospho-bcatenin showed apical membranous staining in the luminal epithelial cells, whereas its expression is both cytoplasmic and membranous in stromal cells surrounding the implanting embryo. Almost no nuclear staining of phospho-b-catenin was observed either in the stroma or in the luminal epithelium. Stromal cells away from the implantation chamber also showed phospho-b-catenin expression, but at a lower level. On Day 6 of pregnancy, phospho-b-catenin expression was noticed in cells of both the PDZ and SDZ, but staining intensity was stronger in the SDZ than in the PDZ (Fig. 6) . Active b-catenin expression at the Day 5 implantation site was found in both uterine luminal and stromal cells (Fig. 6) . In luminal epithelium, active b-catenin was strongly expressed in the apical region of cells. Low levels of active b-catenin protein were also observed in the nuclei of epithelial cells. Stromal cells surrounding the implanted blastocyst showed membranous, cytoplasmic, and nuclear active b-catenin. By contrast, active b-catenin staining was primarily noticed in the membrane and to some extent in the cytoplasm of the PDZ on the Day 6 implantation site. Cells of the SDZ showed lower levels of membranous staining than cells of the PDZ. A few cells of the PDZ or SDZ showed nuclear expression of active b-catenin (Fig. 6) . Negative control sections from Day 6 implantation sites when incubated with either mouse or rabbit IgGs instead of specific primary antibodies showed no specific immunostaining.
DISCUSSION
The present investigation analyzed the uterine cell-typespecific expression patterns of AJ proteins E-cadherin, bcatenin, and a-catenin during early pregnancy in hamsters where implantation takes place only in the presence of ovarian progesterone [3, 23] . We observed that there were no noticeable variations in the expression patterns of E-cadherin, a-catenin, and total b-catenin proteins in uterine luminal epithelial cells before implantation (Days 2 to 4) in hamsters. The coexpression studies indicate that E-cadherin is functionally linked to catenins. Studies in the human uterus also showed no difference in epithelial plasma membrane Ecadherin, a-catenin, and b-catenin protein expression by immunohistochemistry throughout the menstrual cycle [24] [25] [26] . Thus, we are not surprised to see little or no change in the AJ protein expression pattern in the uterine luminal epithelium during early pregnancy. This is also consistent with the report that relatively few ultrastructural changes are observed in the uterine epithelium compared with the blastocyst in hamsters prior to implantation [27] . The lack of changes in the patterns of AJ protein on these days eliminates the possibility that these proteins are markers of uterine receptivity. The uterine lumen in hamsters remains open the first 3 days of pregnancy, but the luminal space is gradually reduced afterward and is closed by the middle of Day 4, when embryo-uterine interaction takes place to initiate implantation in this species [28] . It is, however, unknown whether or not persistent apical expression of AJ proteins in two opposite layers of the luminal epithelia may gradually bring them closer to reduce the luminal space for implantation.
Blastocysts are completely enclosed by the uterine folds during the apposition stage and initiate contact at a few points in the apical surface of luminal epithelial cells [27] . We observed similar patterns of E-cadherin, b-catenin, and acatenin protein expression in the uterine luminal epithelium surrounding the implanted embryo in Day 5 implantation sites as observed prior to implantation. We also found coexpression of E-cadherin and b-catenin in this epithelial cell layer on Day 5. These results suggest that when blastocyst attachment occurs, the AJ in the uterine epithelium surrounding the implanted blastocyst remains much the same as prior to implantation. In support of these findings, studies have demonstrated that either attenuation of uterine E-cadherin expression or neutralization of uterine E-cadherin functions causes impairment of normal implantation in rats [9] and mice [29] , respectively. Thus, the intact cell-cell contacts in the uterine luminal epithelium are necessary to form the uterine chamber and to initiate the attachment process of implantation. However, studies by Murphy [30] demonstrated that toward the time of implantation, the epithelial cells are less firmly attached to each other. The involvement of metalloproteases in the control of cell adhesiveness via cleavage of E-cadherin has been demonstrated [10] . Studies in epithelial cell lines have established that the '97-kDa fragment of E-cadherin was specifically generated by meprinb, but not by ADAM10 or MMP7 [10, 31, 32] . The parallel correlation between the expression of meprinb and E-cadherin in uterine epithelial cells around the time of implantation suggests that processing of Ecadherin by meprinb may be a means to weaken cadherin- 1002 mediated cell-cell contacts during implantation. This is also consistent with our observation of nuclear accumulation of active b-catenin in the epithelial layer from Day 4 onward.
One of the important observations of our study is that unlike mice, which showed strong expression of total b-catenin and acatenin proteins and their mRNA in stromal cells immediately surrounding the Day 5 implanted blastocysts, neither Ecadherin nor total b-catenin and a-catenin proteins were expressed in stromal cells surrounding the implanting blastocyst on Day 5 of pregnancy in hamsters. We have further demonstrated that in mice, b-catenin and a-catenin proteins are highly expressed in the membranes of the PDZ cells in Day 6 implantation sites. In contrast to mice, we do not find any expression of E-cadherin protein and mRNAs in the hamster PDZ cells, although we see low levels of a-cadherin and total b-cadherin proteins in these cells. These results suggest that unlike mice, where the PDZ cells behave like epithelial cells by expressing AJ proteins [8, 15, 33, 34] , the PDZ cells of the hamsters may not be able to form AJs in the absence of Ecadherin. Thus, the PDZ cells in hamsters are perhaps loosely connected with each other and more easily engulfed by the invading trophoblast. In this regard, it is also worth noting that the trophoblast of hamsters is more invasive than that of mice [3] . Interestingly, however, we only noticed strong expression of all three AJ proteins and their mRNAs in cells of the SDZ, but we also found that E-cadherin and b-catenin are colocalized in these cells. These discrepancies between mice and hamsters could possibly be attributed to differences in the hormonal regulation of implantation between these two rodents. Our findings also suggest that similar to the PDZ in mice, perhaps cells of the SDZ of hamsters are close contacts with each other with the formation of junctions. Thus, the SDZ of the hamster may play roles in limiting trophoblast cell migration and passage of harmful maternal immune cells, antibodies, germs, and chemicals to the embryo, similar to the PDZ in mice.
Another important finding of this study is that active bcatenin and phospho-b-catenin were regulated differentially in the uterus during the preimplantation period in hamsters. As shown in Figure 5 , active b-catenin expression patterns in the membrane of uterine luminal epithelial cells and Day 6 SDZ cells resembled the expression patterns of total b-catenin, suggesting its usual role in cell-cell adhesion in the epithelium. However, clear nuclear expression of active b-catenin was observed in both the epithelial and stromal cells of the hamster uterine epithelium from Day 4 onward, suggesting the involvement of WNT/b-catenin signaling pathway in uterine receptivity, implantation, and stromal cell decidualization in hamsters. WNT/b-catenin signaling is now recognized as a critical pathway in the regulation of growth, proliferation, differentiation, and adhesion [35, 36] . Although one study showed inhibition of both the blastocyst and uterine b-catenin during the window of implantation [37] , another study showed an essential role for WNT/b-catenin signaling in ensuring blastocyst competency to implantation [38] . It has been demonstrated that WNT1 stabilizes b-catenin binding to the cell adhesion protein cadherin, and thereby influences cell boundary formation [39, 40] . Thus, we suggest that in hamsters, coordinate action of WNT/b-catenin may help transient cell-cell contact formation in the SDZ to create a cellular boundary in this zone to avoid excessive penetration of trophoblast cells. However, one of the surprising findings is that phospho-b-catenin was primarily immunodetected in the nuclei of uterine cells in addition to its localization in the cytoplasm. Nuclear expression of phospho-b-catenin was strong at Day 5 and Day 6 implantation sites. The finding of phospho-b-catenin in the nucleus is peculiar because studies suggest that the phosphorylated form of the protein should be degraded in the cytoplasm [41] , but it is not without precedent; phospho-b-catenin is almost exclusively localized in the nuclei of breast carcinoma [42] and colorectal cancer tissues [43] . The reason for nuclear phospho-b-catenin localization is currently unknown. One recent study showed that the nuclear localization of phospho-b-catenin showed a correlation with BCL2, a well-established antiapoptotic factor [42, 44] . Thus, it is possible that nuclear b-catenin signaling has an antiapoptotic effect. More investigation is required in order to elucidate the mechanism by which phospho-b-catenin is localized in the nucleus of uterine cells, and whether even if phosphorylated, it is able to serve as a transcriptional activator affecting uterine cell behavior. In contrast to hamsters, phospho-b-catenin and active b-catenin expression patterns were somewhat different at the implantation site of mice. Very little or no nuclear localization of these two forms of b-catenin was observed either in the epithelium or stromal cells at the implantation sites of Days 5 and 6. This inverse relationship of nuclear expression of b-catenin at the implantation site between hamsters and mice suggests that nuclear signaling of b-catenin is perhaps more important in implantation and decidualization processes in hamsters than its involvement in the implantation processes in mice. Furthermore, an almost parallel membranous expression of a-catenin, active b-catenin, and total b-catenins in cells of the antimesometrial PDZ of Day 6 implantation sites indicates their possible participation of a-catenin and b-catenin in AJ formation among the PDZ cells in mice.
Overall, although AJ proteins are initially needed for embryo-uterine adhesion during implantation, weakening of AJ-mediated cell-cell adhesion in the luminal epithelium surrounding the implanted blastocyst may facilitate trophoblast penetration. We also observed that although AJ proteins are mainly localized in the SDZ cells of Day 6 hamster implantation sites, their localization was in the PDZ cells in Day 6 implantation sites of mice, suggesting species-specific and cell-type-specific expression of these proteins. Although it is not clear whether or not E-cadherin and catenins form the same type of AJ in between cells of the SDZ as observed in epithelial cells, active b-catenin expression in both the membrane and nucleus of the SDZ cells in hamsters suggests that perhaps b-catenin-mediated WNT signaling helps in creating a transient decidual boundary between the embryo and mother by stabilizing the decidual cell-cell adhesion. These findings provide evidence that in hamsters the SDZ serves as a temporary barrier as well as a boundary at the maternalembryonic interface.
